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Abstract 
We have investigated electric field vs. current density (E-J) characteristics of Gd1Ba2Cu3O7-į coated conductor over a wide range 
of E by deriving from magnetization relaxation and transport four-probe measurements. We succeeded in obtaining E-J 
characteristics between 10-2 to 115 10u  V/m, and analyzed the results within a frame work of the percolation transition model 
taking into account flux creep with a distribution of activation energy. This allows us to describe E-J characteristics as well as 
magnetic relaxation analytically based on the transport measurements. Clear deviation from the n-value model has also been 
confirmed from the experimental results. 
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1. Introduction 
Re1Ba2Cu3O7-į (Re = rare earth) coated conductor (CC) is one of the most promising materials for super-
conducting magnet applications because of its superior in-field critical current density, Jc, at an elevated operation 
temperature. However, the influence of magnetic moment induced in the tape strands is known to be much larger 
than the case of conventional round wire. Especially in a DC magnet application such as MRI and NMR, the 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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magnetic moment relaxation in the tape strand becomes an important issue i.e., it distorts field homogeneity and 
temporal stability in the magnet [1]. Though the influence of flux creep on the magnetic moment was pointed out 
from the very beginning of high temperature superconductivity (HTS) research [2], relationship between transport E-
J characteristics and magnetic moment relaxation is not yet fully understood. It should be also relevant from 
engineering point of view to clarify the properties of such flux creep in advanced coated conductors. In this study, 
we have carried out measurements on magnetization relaxation and transport measurements by combining SQUID 
MPMS and four-probe methods at 77 K in a PLD processed high performance Gd1Ba2Cu3O7-į (GdBCO) CC with 
nano-rods inclusion. This allows us to compare the E-J characteristics in more than 8 decades of electric fields from 
10-2 down to 10-10 V/m. Experimental results are analyzed within the framework of the percolation transition model 
[3,4] taking into account a Jc distribution and flux creep. From this analysis, we can correlate transport E-J 
characteristics with magnetization relaxation. Comparison with widely used n-value model is also discussed.  
2. Experiment
A 3.2 ȝm thick GdBCO film with artificial pinning centers (APCs) was prepared by pulsed laser deposition 
(PLD) process using a BaHfO3 (BHO) doped GdBCO target. Critical current, Ic, of the sample at 77K and self-field 
was 685 A/cm-width. To measure the magnetization, M, of the sample by a SQUID-based magnetometer, MPMS, 
we formed a 1 mm wide and 3mm long sample by a standard photolithography and wet etching process. For 
transport measurements, a 60 ȝm wide and 500 ȝm long micro-bridge was made by the same process. External 
magnetic field was applied perpendicular to the sample surface in both measurements.  
3. Results and discussion 
Fig. 1 shows the experimental result of magnetic relaxation as a function of time, t, under external magnetic 
fields from 0.8, 1.0 and 1.5 T at 77 K.  
 From the relaxation curves, we have estimated E-J characteristics by using the following equations based on 
Bean’s Critical State Model [5]: 
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Fig. 1. Magnetic relaxation obtained under perpendicular magnetic fields of 0.8, 1.0 and 1.5 T at 77 K. 
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
102 103
t [s]
P 0
M
 [T
]
T = 77K
B // c
1.5T
0.8T
1.0T
928   Yuta Onodera et al. /  Physics Procedia  67 ( 2015 )  926 – 930 
0
2( )
G wl dME
l w dt
P  

,          (2) 
where d, w, l, G are thickness, width, length, and geometry parameter [6], respectively. During the relaxation, 
electric field varied from 9102 u  to 11105 u V/m. In the transport measurements, on the other hand, we can cover 
the range from 10-2 to 10-4 V/m. As a result, we obtained E-J characteristics in 8 decades of electric fields as shown 
in Fig. 2. Note that we can discuss relations between the highly dissipative flux flow state and the flux creep regime 
systematically from these measurements. To analyze the data, we adopted percolation transition model where we 
can estimate statistical Jc distribution from transport measurements. Then we can calculate flux creep taking into 
account the distribution of activation energy assuming that the activation energy is in proportion to that of Jc. 
Namely, we can calculate creep electric field based on the transport measurements. In other words, we can predict 
M-t relaxation from the transport E-J characteristics. 
In the percolation transition model, we obtain probability density function of Jc, P(Jc), from the transport E-J 
characteristics using following equations [3, 4]: 
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where P is obtained from equivalent 1D network model and can be characterized by the de-pinning threshold Jcm, 
i.e., the minimum value of Jc, scale parameter J0 and power index m. Eq. (4) indicates that the de-pinning probability 
increases in proportion to the power of (Jc-Jcm). Ee is the elementary E-J characteristics for a constant Jc and it can 
be expressed in the flux flow regime as follows: 
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where ȡFF is the flux flow resistivity. In the flux flow regime, the influence of thermal fluctuation has been taken into 
account as a reduction of Jc from intrinsic value Jc0 because the depth of pinning potential becomes shallow due to 
thermal oscillation of pinned fluxoid [7].  
To describe the flux creep, we extend eq. (5) as follows based on the force balance equation on the thermally de-
pinned fluxoids due to thermal hopping: 
FFcdepin EJEJJ U/),(  ,        (6) 
where Jdepin is the current density that tilt the pin potential due to Lorentz force and it is a function of E induced by 
the vortex hopping. Second term in eq. (6) is the drag force for the de-pinned fluxoid which should balance against 
the viscosity force to keep continuity of the creep. Nonlinear relationship between Jdepin and E can be obtained from 
thermal hopping probability. In the present analysis, we simply adopted Anderson-Kim type flux creep model [8] 
with sinusoidal pin potential: 
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where c0 f 0=E B a Q  and j = Jdepin/Jc. af is the fluxoid lattice spacing and Ȟ0 is the attempt frequency, and U0 is the 
activation energy corresponding to Jc without bias current density. It would be a reasonable assumption in the 
present experimental condition that U0 is in proportion to Jc because the temperature was constant. We determined 
the coefficient 0 / cU J =
11108.3 u eV/(Am-2) as a fitting parameter in the analysis in Fig. 2. Solid lines in Fig. 2 are 
obtained from analytical expression mentioned above. From the comparison with the experimental data (symbol), 
we confirmed that the E-J characteristics can be described reasonably with the present model. Note that the 
parameters except 0 / cU J are obtained only from the transport measurements, therefore, we can predict flux creep 
characteristics based only on the transport measurements.  
We also calculated magnetization relaxation from the E-J characteristics mentioned above as shown in Fig. 3, 
where the initial magnetization was obtained from transport Jc determined by the electric field criterion of 10-4 V/m, 
then successive magnetization value was calculated by the E-J relationship together with eqs. (1) and (2).  As shown 
by the solid curves, magnetization relaxation can be described by the present model. It is well known that the 
transport E-J characteristics can be fitted by the n-value model in an limited E range, therefore, we also compared 
the calculation using n-value model, where we determined power index n and Jc from the transport measurement, 
then calculated magnetization relaxation in a similar way mentioned above. As can be seen from the dashed curves 
in Fig. 3, we clearly see the deviation from the n-value model except the case of 1.5 T. This means that we cannot 
simply extend the n-value model obtained from the transport measurements to calculate the magnetization relaxation 
because corresponding E becomes several orders smaller than that of the transport measurements.  
If we look more carefully at our experimental results, we notice that the gradient of E-J characteristics is steeper 
than the analytical results. Such convex shape of the E-J characteristics suggests glassy behavior of the flux creep, 
therefore, activation energy would diverge with reduction of J by the relaxation.  In such a case we should replace 
eq. (8) with that of elastic collective creep with divergence of activation energy in the limit of J=0 [2]. In order to 
clarify the type of flux creep, however, we need magnetization relaxation data including a longer time scale up to 
around 104. We will report separately on this point with such experiments. 
Fig. 2. E-J characteristics obtained from both transport and magnetic relaxation measurements at 77 K. Solid curves are analytical 
expression obtained from percolation transition model taking into account Jc distribution and flux creep. 
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4. Conclusion 
We have carried out measurements on E-J characteristics in a BHO doped GdBCO CC over wide range of 
electric field by magnetic relaxation and dc four-probe measurement. It has been shown that the E-J characteristics 
can be described by the percolation transition model taking into account a distribution of Jc and flux creep. 
Relationship between the transport E-J characteristics and magnetization relaxation can be described reasonably 
with the present model, therefore, magnetization relaxation can be predicted based only on the transport 
measurements, whereas in the n-value model, we clearly see deviation between the transport E-J characteristics and 
magnetization relaxation. Namely, we cannot simply extend the n-value model obtained from the transport 
measurements to calculate the magnetization relaxation. 
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